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(57) Abstract: (1) indicates the turning point of an eyeball, (2) a first eye position, (3) a second eye position, and (4) a third eye 
position, with thick lines in each eye position representing the horizontal meridian and the vertical meridian (main meridian) of a 
cornea. The horizontal meridian and vertical meridian directions of the eye' cornea in the third position (4) do not agree with 
horizontal meridian and vertical meridian directions in the first eye position (1). In order to correct the aberration of a glasses lens 
not only in the first and second eye positions but in the third eye position, a prescription surface is formed into an aspherical shape 
according to the Donder' s/Listing* s law and allowing for the astigmatism axis of an eye in an arbitrary position. Accordingly, 
prescription surfaces can be designed so as to provide a satisfactory optical performance in various specifications. 
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Specification 



OPHTHALMIC LENS DESIGN METHOD, OPHTHALMIC LENS MANUFACTURING 
METHOD AND COMPUTER PROGRAM 

Technical Field 

The present invention relates to an ophthalmic lens design method, an ophthalmic lens 
manufacturing method, and a computer program used in ophthalmic lens design. 

Background Art 

Generally, the relationship between the apical curvature of an ophthalmic lens at which 
the astigmatic aberration of the light rays passing through the lens shows a minimum value and 
the apical refractive power on the optical axis of the lens (hereafter referred to as the "dioptric 
power") can be obtained, for example, from the Tscherning ellipse. 

Specifically, it is well known that the occurrence of astigmatic aberration in the 
peripheral parts of the lens can be suppressed by adjusting the curvatures of both refractive 
surfaces of the lens to an optimal combination obtained by means of this Tscherning ellipse, and 
the optical performance drops conspicuously if a combination of curvatures of both refractive 
surfaces that departs greatly from this Tscherning ellipse is selected. 
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However, in cases where an optimal combination of curvatures of both refractive surfaces 
obtained by means of this Tscherning ellipse is used, the curvatures of the refractive surfaces of 
the lens surfaces are increased, and the thickness of the lens also tends to increase. 

Accordingly, in ophthalmic lenses seen in recent years, because of problems in terms of 
reducing the lens thickness and problems in terms of external appearance, and also for 
convenience of manufacture and the like, curvatures that are smaller than the curvatures obtained 
by the optimal combination of curvatures have been selected in almost all cases as the refractive 
surface curvatures (hereafter called the "base curve") of lens surfaces on the object side 
(hereafter called the "outer surfaces"). 

Specifically, in cases where problems of optical performance and external appearance are 
taken into account, the practical range of the base curve of an ophthalmic lens is limited to a 
specified range in accordance with the dioptric power of the ophthalmic lens. Furthermore, in 
cases where the refractive surfaces are constructed only from spherical surfaces, it is impossible 
to solve the problems of maintaining the optical performance in the desired range and improving 
the external appearance at the same time. Currently, therefore, lenses in which astigmatic 
aberration and dioptric power error in the peripheral parts of the lens are corrected while 
reducing the curvature of the base curve and maintaining the thickness of the lens at a small 
value mainly by making one of the refractive surfaces of the lens aspherical constitute the 
mainstream of lenses. 
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Ordinarily, in the principal rays passing through the ophthalmic lens corresponding to the 
line of sight of the user, the astigmatic aberration of the principal rays can be expressed as 
follows where Dmax is the maximum principal refractive power and Dmin is the minimum 
principal refractive power. 

|Dmax - Dmin| 

Furthermore, the mean refractive power of the principal rays can be expressed as follows: 
(Dmax + Dmin)/2 

These are treated as important factors in the design of the ophthalmic lens. Accordingly, in 
conventional ophthalmic lenses, the correction of aberration has been accomplished using such 
astigmatic aberration, mean refractive power, maximum principal refractive power and minimum 
principal refractive power as parameters. 

Incidentally it is a well-known fact that the refractive power in the direction of an 
arbitrary meridian on a plane perpendicular to the principal rays has maximum and minimum 
values, and that the meridian directions that give these maximum and minimum values are 
perpendicular to each other. Accordingly, in the present specification, the maximum value of the 
refractive power in these arbitrary principal rays is taken as the maximum principal refractive 
power, the minimum value of this refractive power is taken as the minimum principal refractive 
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power, and this maximum principal refractive power and minimum principal refractive power 
are referred to collectively as the principal refractive power. 

Furthermore, the direction of the principal meridian including the maximum principal 
refractive power is taken as the maximum principal direction, the direction of the principal 
meridian including the minimum principal refractive power is taken as the minimum principal 
direction, and the maximum principal direction and minimum principal direction are referred to 
collectively as the principal direction. Moreover, in the present invention, the units of the values 
that express the refractive power are all diopter units unless otherwise specifically noted. 

In a conventional ophthalmic lens, because of the need for cost reduction and 
simplification from the standpoint of manufacture, a semi-product lens (hereafter referred to as a 
semi-finished lens) in which one of the refractive surfaces of the lens has been worked 
beforehand is used. The refractive surface that has not been worked beforehand is called the 
prescription surface. Specifically, by working the prescription surface of the semi-finished lens 
into a spherical or toric surface in accordance with the prescription of the ophthalmic lens user, it 
is possible to use the same semi-finished lens in common in a fixed diopter range. Accordingly, 
this plays a large role in cost reduction (reduction of working costs, warehousing, and the like). 

Ordinarily, the shape of the refractive surface of the semi-finished lens whose working is 
finished beforehand is a spherical surface shape or an aspherical surface shape that is rotationally 
symmetrical with respect to the optical axis, and this spherical surface shape or aspherical 
surface shape is set as a spherical or aspherical surface shape with respect to a certain specified 
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dioptric power within the common dioptric power range so that the aberration shows a minimum 
value. If this set dioptric power is taken as the standard dioptric power for this semi-finished 
lens, then the optical performance of the lens in the dioptric power range in the vicinity of this 
standard dioptric power is favorable; however, in a dioptric power range that is removed from 
this standard dioptric power, a deterioration in the optical performance especially in the 
peripheral parts of the lens cannot be avoided. Furthermore, the following drawback is also 
encountered: namely, in cases where correction of astigmatism is necessary, even if the dioptric 
power is the standard dioptric power, a deterioration in the optical performance in the peripheral 
parts of the lens cannot be avoided. 

Recently, however, because of the development of techniques for freely working 
aspherical surfaces, it has also become possible to correct aberration by forming prescription 
surfaces that have conventionally been spherical or toric surfaces into aspherical surfaces, so that 
ophthalmic lenses in which the conditions of use by the user are taken into account and the 
prescription surfaces are made aspherical have been developed into products. 

However, especially in the case of ophthalmic lenses that involve correction of 
astigmatism, the astigmatic dioptric power according to the prescription is included in the 
astigmatic aberration of the lens, and the principal direction of the astigmatic axis of the eye, 
which varies with the movement of the line of sight, must be taken into account. 

In order to provide an ophthalmic lens that is optimal for the individual user in 
accordance with specifications and conditions of use that vary with each user, the mere 
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evaluation of the optical performance according to the meridional image plane and sagittal image 
plane, astigmatic aberration and mean refractive power conventionally used in the design of 
ophthalmic lenses is insufficient. In addition to the conventional evaluation of optical 
performance, torsion along the astigmatic axis of the eye and the principal direction of the 
principal refractive power of the lens must be taken into account, and a plurality of different 
types of optical performance must be simultaneously improved, in order to provide an 
ophthalmic lens that is optimal for each individual user. However, a so-called trade-off 
relationship may exist among different types of optical performance; consequently, it is difficult 
to reduce all aberration to a minimum value. Accordingly, it is necessary to achieve a refractive 
surface design which is such that a balance is obtained between different types of optical 
performance, so that an optimal optical performance is obtained overall. 

Conventionally, in order to obtain a balance between different types of optical 
performance, designers have considered and judged various performance values. However, in 
order to design ophthalmic lenses by optimizing the optical performance for individual users, it 
is also necessary to automate such judgments by means of a computer. 

The present invention was devised in light of such circumstances; it is an object of the 
present invention to provide a method for designing prescription surfaces so that a favorable 
optical performance can be obtained in various specifications accompanying individual 
information such as prescriptions for ophthalmic lens users, and an ophthalmic lens 
manufacturing method using this design method. 
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Disclosure of the Invention 

The first invention that is used to achieve the object described above is a method for 
designing ophthalmic lenses in which at least one surface among the set of refractive surfaces on 
the object side and eye side in the mounted state has a spherical or aspherical surface shape that 
is formed beforehand, and at least one refractive surface has an aspherical surface shape, this 
ophthalmic lens design method being characterized in that design is performed so that the shape 
of the refractive surface whose shape is not formed beforehand among the set of refractive 
surfaces is an aspherical surface shape which is such that the aberration of the ophthalmic lens is 
corrected according to the laws of Donders-Listing in accordance with at least the refractive 
power that is necessary for refractive correction of the user or the refractive power that is 
necessary for astigmatic correction, or both. 

Furthermore, in the present specification and claims, the term "whose shape is molded 
(formed) beforehand" refers to the fact that the shape of this surface is determined in the semi- 
product stage, so that subsequent working is unnecessary. Furthermore, the term "whose shape 
is not formed (i.e., is not molded) beforehand 5 ' refers to the fact that although molding into a 
specified shape is performed in the semi-product stage, it is a prerequisite that further working is 
required in order to use this as a final product. 

The laws of Donders-Listing are laws that relate to the rotational motion of the eye and 
eye positions. In these laws, the rotational motion of the eye that accompanies movement of the 
line of sight is expressed by a continuation of rotational motion which is performed about a 
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rotational axis that passes through the rotating point and that is perpendicular to the line of sight 
at the first eye position; it is indicated that the arbitrary eye position that is achieved by means of 
this rotation is definitively determined regardless of the movement path of the line of sight. 
Furthermore, the rotational axis of the eyeball in this case is located on a plane that is 
perpendicular to the line of sight at the first eye position, and this plane is called the Listing's 
plane. 

Figure 1 is a diagram which shows the positions of the eye positions generated by the 
Donders-Listing rotation and the positions of the horizontal meridian and vertical meridian of the 
cornea in this case projected onto the Listing's plane. In Figure 1, 1 indicates the rotating point 
of the eyeball, 2 indicates the first eye position, 3 indicates the second eye position, and 4 
indicates the third eye position. The lines indicated by thick lines at the respective eye positions 
are the horizontal meridian and vertical meridian (principal meridian) of the cornea. 

As is seen from Figure 1 , the directions of the horizontal meridian and vertical meridian 
of the cornea of the eye at the third eye position 4, in particular, do not coincide with the 
directions of the horizontal meridian and vertical meridian at the first eye position 1 . 
Accordingly, in order to perform aberration correction of the ophthalmic lens not only at the first 
eye position and second eye position but also at the third eye position under conditions that are 
suited to the prescription of the user and conditions of use, it is necessary to make the 
prescription surface aspherical while taking into account the astigmatic axis of the eye at 
arbitrary eye positions in accordance with the laws of Donders-Listing. Furthermore, for details 
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concerning the laws of Donders-Listing, see Igakushoinkan "Afe no Seirigaku" ["Physiology of 
the Eye' 5 ] (Akira Hagiwara ed.) pp. 302-304. 

In the present means, the shape of the refractive surface whose shape is not formed 
beforehand is designed in accordance with such laws of Donders-Listing so that this is an 
aspherical surface shape that corrects the aberration of the ophthalmic lens in accordance with at 
least the refractive power that is necessary for refractive correction of the user or the refractive 
power that is necessary for astigmatic correction of the user, or both. Accordingly, correction of 
the aberration of the ophthalmic lens at the third eye position, in particular, is appropriately 
performed, so that an ophthalmic lens that has favorable optical performance overall can be 
designed. 

The second invention that is used to achieve the object described above is the first 
invention, which is characterized in that an arbitrary meridian of the refractive power necessary 
for refractive correction of the user is taken as a standard meridian in arbitrary principal rays 
passing through the plane of the ophthalmic lens, and the shape of the refractive surface whose 
shape is not formed beforehand is determined so that APall expressed by Equation (1) below 
shows a minimum value or a specified value or less, where E(a) is the refractive power in the 
meridian direction that is required for the refractive correction of the eye of the user in the 
meridian direction at an arbitrary angle of a from the standard meridian, and D(a) is the 
refractive power in the meridian direction of the lens. 
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Here, AP(ot) is a function expressed as AP(a) = D(a) - E(a), and a and b are values that satisfy 
the equation b -a = nrc, where n is a natural number. 

In order to consider the refractive power in the direction of an arbitrary meridian on a 
plane perpendicular to the line of sight, observations are performed in an x-y-z coordinate system 
in which the x axis is taken in the direction of the optical axis corresponding to the line of sight, 
the y axis is taken in the maximum principal direction with respect to the astigmatic axis of the 
eye, and the z axis is taken in the direction of the minimum principal direction [with respect to 
the astigmatic axis of the eye. Here, Emax is the maximum refractive power required for the 
refractive correction of the eye, and Emin is the minimum refractive power required for the 
refractive correction of the eye. 

Ordinarily, Emax and Emin express the refractive powers required for refractive 
correction and astigmatic correction. For example, in the case of an eye with a prescription in 
which the spherical surface dioptric power S = -2.00D and the astigmatic dioptric power 
C = -3.00D, Emax and Emin are expressed as Emax = -2.00 (diopter) and Emin = -5.00 (diopter). 

Below, a case in which the standard meridian of the present invention is taken along the z 
axis will be described with reference to Figure 2. If the refractive power required for the 
refractive correction of the eye in the direction of a meridian at an angle of a about the x axis 
with reference to the z axis (hereafter referred to as the "abnormal dioptric power of refraction") 
is designated as E(ot), this E(a) can be expressed as follows: 
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E(a) = Emax • sin 2 a + Emin • cos 2 a 

If the refractive power of the lens in the direction of a meridian at an angle of a about the 
x axis with reference to the z axis is designated as D(a) in a case where the angle formed by the 
maximum principal meridian of the light rays that are incident on the eye and the minimum 
principal meridian of this eye is designated as 0, then this D(a) can be expressed as follows: 

D(a) = Dmax • cos 2 (a - 9) + Dmin • sin 2 (a - 9) 

a and 9 in this case are taken as positive in the counterclockwise direction in the positive 
direction of the x axis. 

Here, in the present means, in a case where the absolute value of the difference between 
the abnormal dioptric power of refraction of the eye E(a) in the direction of a meridian at an 
angle of a about the x axis with reference to the z axis and the refractive power D(a) of the lens 
is designated as AP(oc), the sum of AP(oc) in the range of a < a < b is called the total residual 
refractive power error, and is treated as an aberration that is used in the optimization of the 
optical performance. 

Specifically, if this total residual refractive power error is designated as APall, then this 
APall can be expressed by the following conditional equation: 
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APall = f \AP(a)\da ... (1) 

a 

Here, AP(a) is a function that can be expressed as 

AP(ct) = D(a) - E(a) 

= (Dmax ■ cos 2 (a - 9) + Dmin • sin 2 (a - 6)) - (Emax • sin 2 a + Emin • cos 2 a) 

and a and b are values that satisfy [the equation b - a = nrc, where n is a natural number. 

For example, assuming that AP(a) is such that D(a) > E(a) in the interval [a, c], 
D(ct) < E(a) in the interval [c, d], and D(a) > E(a) in the interval [d, b], then APall can be 
expressed as follows: 

APall = | f [D(a) - E(a)\ia + f [E(a) - D{a)\ia + J* [D(a) - £(a)]rfa j 

The total residual refractive power error APall is the sum of AP(a) in the direction of an 
arbitrary meridian of the eye in specified principal rays when the user has mounted the 
ophthalmic lens, and is a new aberration quantity which includes the residual astigmatic 
aberration felt by the eye of the user, and the residual mean refractive power error. 
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Accordingly, in the present means, as a result of this total residual refractive power error 
APall being introduced as a new aberration evaluation method that is used in the optimization of 
the optical performance, and this value being suppressed to zero or a small value, the 
optimization of a balanced optical performance can be achieved while taking into account the 
laws of Donders-Listing. Specifically, the refractive power required for refractive correction and 
astigmatic correction of the eye, and the alleviation of twisting in the respective principal 
directions, can be simultaneously achieved. In the present means, furthermore, the automation of 
calculations for optimizing the optical performance is facilitated. 

This has been difficult in conventional methods for performing automated calculations 
for the optimization of astigmatic aberration and aberration arising from the mean refractive 
power. It is desirable to use the residual astigmatic aberration or residual mean refractive power 
error in order to perform an evaluation that takes the astigmatic dioptric power of the eye into 
account. However, there are also many conditions that make it impossible to achieve a favorable 
correction of both the residual astigmatic aberration and residual mean refractive power error at 
the same time, and there are cases in which the correction of one of these aberrations causes a 
deterioration in the other aberration. 

In order to obtain an optimal optical performance in such cases, the designer must 
consider the permissible values of both of these aberrations, and strike a balance between these 
aberrations. However, it is difficult to correct the residual astigmatic aberration and residual 
mean refractive power error, which may adopt various values depending on the conditions, while 
taking into account the overall balance of the optical performance. Especially in the case of a 
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system in which calculations for optimizing the optical performance are automatically performed 
for each order without any need for human judgment by the designer or the like during the 
optimization calculations, it is difficult to perform an automatic judgment so that stable results 
are always obtained. However, by using the total residual refractive power error in the present 
invention as a judgment value, it is more easily possible to obtain a balanced favorable optical 
performance even in the case of an automated optimization calculation system that does not 
require human judgment. 

Furthermore, besides simulation means such as a general DLS method, it would also be 
possible to use some other appropriate optimization method as means for minimizing APall. 
This is also true in cases where specified values are minimized or reduced to a specified value or 
lower in the second means or third means described later. 

Moreover, in the present means, APall is noted in integral form; however, giving 
consideration to the simplification of calculations, it would also be possible to handle APall as 
the sum of discrete values as shown below, and it goes without saying that this method is within 
an equivalent scope of the present means. 

Specifically, by dividing the interval of b - a = nn and designating the division numbers 
as /, it is possible to express APall as follows if P is set equal to (b - a)/L 

APall = J^AP(mj3 + a) 

w=0 
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= AP(a) + A/>(/?+ a) + A/>(2/? + a) + ... + AP((i - 1) /? + a) + AP(6) 

In this case, by skillfully selecting the division number /, it is possible to simplify the 
calculations while keeping the calculation error of the value obtained within a practical range, 
and obtaining results comparable to those of an integral form. It goes without saying that 
beginning with this method, methods performing numerical calculations equivalent to actually 
performed integration are included in an equivalent scope of the present means. 

The third invention that is used to achieve the object described above is the first invention, 
which is characterized in that an arbitrary meridian of the refractive power necessary for 
refractive correction of the user is taken as a standard meridian in arbitrary principal rays passing 
through the plane of the ophthalmic lens, and the shape of the refractive surface whose shape is 
not formed beforehand is determined so that APav expressed by Equation (2) below shows a 
minimum value or a specified value or less, where E(a) is the refractive power in the meridian 
direction that is required for the refractive correction of the eye of the user in the meridian 
direction at an arbitrary angle of a from the standard meridian, and D(a) is the refractive power 
in the meridian direction of the lens. 




Here, AP(a) is a value obtained by dividing the total residual refractive power error. 
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APall by \b - a\ is called the mean residual refractive index error, and this is expressed as APav, 
AP(ct) is a function expressed as AP(a) = D(a) - E(a), and a and b are values that satisfy the 
equation b - a = mi, where n is a natural number. 

In the present means, a value obtained by dividing the total residual refractive power 
error APall in the second means by \b-~ a\ is called the mean residual refractive index error, and 
this is expressed as APav. Furthermore, the shape of the refractive surface whose shape is not 
formed beforehand is determined so that this APav is minimized. 

Since a and b are values that are determined prior to the calculations, \b - a\ is a constant. 
Consequently, the present means are basically equivalent to the second means, and exhibit 
exactly the same operational effects. 

Furthermore, in the present means, APav is noted in integral form; however, giving 
consideration to the simplification of calculations, it would also be possible to handle APav as 
the sum of discrete values as shown below, and it goes without saying that this method is within 
an equivalent scope of the present means. 

Specifically, by dividing the interval of b - a = nn and designating the division numbers 
as i, it is possible to express APav as follows if p is set equal to (b - a)li. 



APav = 



\b-a\ 



= t- r [AP(a) + AP(J3+ a) + AP(2>£ + a) + . . . + A/>«7 -l)^+a) + A/>(6) 

In this case, by skillfully selecting the division number i, it is possible to simplify the 
calculations while keeping the calculation error of the value obtained within a practical range, 
and obtaining results comparable to those of an integral form. It goes without saying that 
beginning with this method, methods performing numerical calculations equivalent to actually 
performed integration are included in an equivalent scope of the present means. 

The fourth invention that is used to achieve the object described above is the first 
invention, which is characterized in that an arbitrary meridian of the refractive power necessary 
for refractive correction of the user is taken as a standard meridian in arbitrary principal rays 
passing through the plane of the ophthalmic lens, and the shape of the refractive surface whose 
shape is not formed beforehand is determined so that at least one of the values AAS or AMP 
satisfying the following conditional equations shows a minimum value or a specified value or 
less, where APmax is the maximum value and APm in is the minimum value of AP'(oc) — D(oc) — 
E(a) in the range ofa<a<borb<a<a, with E(a) being the refractive power in the meridian 
direction that is required for the refractive correction of the eye of the user in the meridian 
direction at an arbitrary angle of a from the standard meridian, and D(a) being the refractive 
power in the meridian direction of the lens. 

Here, AAS = |APmax - APmin| ... (3) 
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AMP = (APmax + APmin)/2 ... (4) 

and a and b are values that satisfy the equation b -a = nn, where n is an arbitrary integer 
excluding zero. 

In the present means, the difference between the abnormal dioptric power of refraction of 
the eye in the direction of a meridian at an angle of a about the x axis with reference to the z axis 
in Figure 2 and the refractive power of the lens is designated as the residual refractive power 
error AP'(a). Here, this AP'(cc) is expressed as AP'(a) = D(a) - E(a), the maximum value of 
AP'(oc) in the range of a < a < b or b < a < a is designated as APmax, the minimum value is 
designated as APmin, and APmax and APmin are viewed as the maximum value and minimum 
value of the refractive power error felt by the user when wearing this ophthalmic lens. 

Accordingly, APmax is taken as the maximum residual refractive power error, APmin is 
taken as the minimum residual refractive power error, and the following conditional equations 
are obtained from APmax and APmin. 

Where AAS is the residual astigmatic aberration of the ophthalmic lens, this AAS is expressed as 
AAS = |APmax - APmin| ...(3) 

Furthermore, where AMP is the residual mean refractive power error of the ophthalmic lens, this 
AMP is expressed as 
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AMP = (APmax + APmin)/2 ... (4) 

In the present means, by using at least the residual astigmatic aberration AAS or residual 
mean refractive power error AMP, or both, in the optimization of the optical performance, 
evaluation of the astigmatic aberration and mean refractive power excluding the astigmatic 
component of the eye is made possible while taking the laws of Donders-Listing into account 
(which is difficult in the case of conventional aberration evaluation). 

Ideally, it is desirable to minimize both the value of Equation (3) and the value of 
Equation (4); however, depending on the lens conditions, it may be impossible to realize this. In 
this case, the shape of the refractive surface whose shape is not formed beforehand is determined 
so that one or the other of these values is minimized. Of course, under conditions which are such 
that the range of one of the values is within the permissible range, the system may also be 
devised so that the other value is minimized. 

The fifth invention that is used to achieve the object described above is an ophthalmic 
lens manufacturing method which is characterized in that this method has a process which is 
such that in a lens in which at least one surface among the set of refractive surfaces on the object 
side and eye side in the mounted state is a refractive surface having a spherical or aspherical 
surface shape that is formed beforehand, the shape of the refractive surface whose shape is not 
formed beforehand is designed in accordance with the ophthalmic lens design method according 
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to any of the first through fourth inventions, and the refractive surface whose shape is not formed 
beforehand is worked in accordance with this design data. 

In the present means, an ophthalmic lens with a favorable optical performance can be 
manufactured in various specifications accompanying individual information such as 
prescriptions for the ophthalmic lens users. 

The sixth invention that is used to achieve the object described above is a method for 
manufacturing an ophthalmic lens using as an element material a semi-product ophthalmic lens 
in which at least one surface among the set of refractive surfaces on the object side and eye side 
in the mounted state is a refractive surface having a spherical or aspherical surface shape that is 
formed beforehand, and at least one refractive surface has an aspherical surface shape, this 
ophthalmic lens manufacturing method being characterized in that this method has the steps of 
attaching the semi-product ophthalmic lens to a shape working apparatus, and working the 
refractive surface of the semi-product lens whose shape has not been formed beforehand by 
means of the shape working apparatus on the basis of design data obtained by the method 
according to any of the first through fourth inventions to produce a finished product. 

In the present means, the manufacture of ophthalmic lenses can be performed on the basis 
of the determined design data even in cases where the location or firm where the design data is 
determined is different. Accordingly, even if the person performing the working does not have 
means such as a computer program for performing the design work, this person can entrust such 
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design work to a person having such means for performing design work, and can manufacture an 
ophthalmic lens utilizing the results. 

The seventh invention that is used to achieve the object described above is the sixth 
invention which is characterized in that the design data is determined at a different location from 
the location where the shape working apparatus is present, and is transmitted to the location 
where the shape working apparatus is present via a communication device. 

In the present means, the design data is transmitted via communication means; 
accordingly, in cases where the manufacturer and designer are in mutually remote locations, 
e.g., in cases where the manufacturer and designer are firms in different countries, manufacture 
can be performed especially efficiently. Arbitrary means such as inter-computer 
communications by wire and facsimile can be used as communication means. 

The eighth invention that is used to achieve the object described above is a computer 
program which determines the aspherical surface shape of the refractive surface of an ophthalmic 
lens, this computer program being characterized in that the calculation of the refractive power 
E(ot) in the meridian direction required for refractive correction of the eye of the user in the 
direction of a meridian at an arbitrary angle of a from the standard meridian when an arbitrary 
meridian of the refractive power require for refractive correction of the user is taken as the 
standard meridian is performed for each arbitrary set of principal rays passing through the 
ophthalmic lens, the calculation of the refractive power D(a) in the meridian direction of the lens 
is performed for each arbitrary set of principal rays passing through the ophthalmic lens, and the 
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aspherical surface shape of the refractive surface is determined on the basis of E(oc) and D(a) so 
that the aberration of the ophthalmic lens shows a minimum value in accordance with the laws of 
Donders-Listing. 

In the present means, ophthalmic lenses that appropriately perform aberration correction 
at various eye positions can be designed by means of a computer. 

Brief Description of the Drawings 

Figure 1 is a diagram which shows the positions of eye positions generated by Donders- 
Listing rotation and the positions of the horizontal meridian and vertical meridian of the cornea 
in this case projected onto the Listing's plane. 

Figure 2 is a diagram which is used to illustrate the refractive power in the direction of an 
arbitrary meridian on a plane perpendicular to the line of sight. 

Figure 3 is a distribution diagram of the mean residual refractive power error APav in a 
conventional example of an astigmatic lens. 

Figure 4 is a distribution diagram of the residual mean refractive power error AMP in a 
conventional example of an astigmatic lens. 
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Figure 5 is a distribution diagram of the residual astigmatic aberration AAS in a 
conventional example of an astigmatic lens. 

Figure 6 is a distribution diagram of the mean residual refractive power error APav in an 
astigmatic lens constituting an embodiment of the present invention, 

Figure 7 is a distribution diagram of the residual mean refractive power error AMP in an 
astigmatic lens constituting an embodiment of the present invention. 

Figure 8 is a distribution diagram of the residual astigmatic aberration AAS in an 
astigmatic lens constituting an embodiment of the present invention. 

Best Mode for Carrying Out the Invention 

Embodiments of the present invention will be described below with reference to the 
figures and tables. 

Table 1 shows lens data for a conventional ophthalmic lens whose object is astigmatic 
correction, in which the external diameter of the lens is 70 mm, the spherical surface refractive 
power is -2.00D, the refractive power in the direction of astigmatism is -4.00D, the astigmatic 
dioptric power is -2.00D, the first surface (which is the outer surface) is a spherical surface, and 
the second surface (which is the inner surface) is a toric surface. 
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Table 1 



Conventional example of lens data 



External diameter (mm) 




70.0 


Center thickness (mm) 




1.1 


Refractive index 




1.665 


First surface curvature (diopter) 




1.661 


Second surface curvature (diopter) 


y direction 


-3.663 


Second surface curvature (diopter) 


z direction 


-5.663 


Second surface aspherical surface coefficients 
(Amn) 


A 4 o 


0.000E+00 


A 6 o 


O.000E+00 


A 8 o 


0.000E+00 


A22 


0.000E+00 


A42 


0.000E+00 


A 6 2 


0.000E+00 


A 0 4 


O.OOOE+00 


A 2 4 


O.00OE+O0 


A44 


0.000E+00 


A 0 6 


0.000E+00 


A 26 


0.000E+00 


A 0 8 


O.OOOE+OO 



Figure 3 is a distribution diagram of the mean residual refractive power error APav in the 
conventional example of an astigmatic lens shown in Table 1. The central portions of the small 
circles in the figure indicate the positions where the principal rays pass through the respective 
points within the lens plane, and the sizes of the small circles express the magnitude of the mean 
residual refractive power error APav in the respective principal rays. As is seen from Figure 3, 
the value of the mean residual refractive power error APav increases from the center of the lens 
toward the peripheral portions of the lens. 



Figure 4 is a distribution diagram of the residual mean refractive power error AMP in the 
conventional example of an astigmatic lens shown in Table 1. The central portions of the small 
circles in the figure indicate the positions where the principal rays pass through the respective 
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points within the lens plane, and the sizes of the small circles express the magnitude of the 
residual mean refractive power error AMP in the respective principal rays. Furthermore, in cases 
where the small circles are drawn by means of solid lines, this indicates that AMP has a positive 
value, and in cases where the small circles are drawn by means of dotted lines, this indicates that 
AMP has a negative value. As is seen from Figure 4, the value of the residual mean refractive 
power error AMP increases from the center of the lens toward the peripheral parts of the lens. 

Figure 5 is a distribution diagram of the residual astigmatic aberration AAS in the 
conventional example of an astigmatic lens shown in Table 1. The central portions of the small 
circles in the figure indicate the positions where the principal rays pass through the respective 
points within the lens plane, and the sizes of the small circles express the magnitude of the 
residual astigmatic aberration AAS in the respective principal rays. Furthermore, the straight 
lines within the small circles indicate the meridian direction of the maximum residual refractive 
power error APmax for the minimum principal direction of the eye. As is seen from Figure 5, the 
value of the residual astigmatic aberration AAS increases conspicuously from the center of the 
lens toward the peripheral parts of the lens. 

Table 2 shows lens data for an embodiment of the present invention in which the external 
diameter of the lens is 70 mm, the spherical surface refractive power is -2.00D, the refractive 
power in the astigmatic direction is -4.00D, the astigmatic dioptric power is -2.00D, the first 
surface (which is the outer surface) is a spherical surface, and the second surface (which is the 
inner surface) is an aspherical toric surface. 
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This embodiment of the present invention is a result of automated optimization 
calculations in which the mean residual refractive power error APav was viewed as being 
especially important, the system was devised so that this value was minimized, and the 
calculations were further performed using the residual astigmatic aberration AAS and the 
residual mean refractive power error AMP as parameters for optimization so that these values 
were also as small as possible. 

Specifically, the mean residual refractive power error APav was minimized, and in this 
case, if the residual astigmatic aberration AAS and residual mean refractive power error AMP 
were within permissible ranges, it was considered that a solution was obtained. On the other 
hand, if the residual astigmatic aberration AAS and the residual mean refractive power error 
AMP were not within permissible ranges, steps were taken so that the mean residual refractive 
power error APav was increased to a value slightly greater than the minimum value, thus 
ensuring that the residual astigmatic aberration AAS and residual mean refractive power error 
AMP were ultimately within permissible ranges. Furthermore, in the calculations, it was 
assumed that a = 0 and b = n. 

Furthermore, the descriptive equation of the aspherical portion used in the second surface 
in the present embodiment was as shown below. 



Z=XA m „y m z n 



= Aqo + Aq\ z ] + A 02 z 2 + ... 



+ A w y +A u y ] z + A l2 yz 2 + ... 
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+ A 20 y 2 + A 2 \ y 2 z + ^22 y 2 z 2 + ... 
+ A mn y m z n 



Accordingly, the second surface in this embodiment of the present invention has a shape 
obtained by adding an aspherical surface shape using the values of the aspherical surface 
coefficients described in Table 2 in the aspheric surface descriptive equation described above to 
the toric surface constituting the basis. 



Table 2 



Example of lens data for embodiment 



External diameter (mm) 




70.0 


Center thickness (mm) 




1.1 


Refractive index 




1.665 


First surface curvature (diopter) 




1.661 


Second surface curvature (diopter) 


y direction 


-3.663 


Second surface curvature (diopter) 


z direction 


-5.663 


Second surface aspherical surface coefficients 
(Amn) 


A 4 o 


-2.488E-07 


A 6 o 


7.511E-11 


Ago 


-1.192E-14 


A 2 2 


-5.123E-07 


A 4 2 


7.317E-11 


A 6 2 


-1.732E-17 


A 0 4 


-4.801E-07 


A 24 


2.186E-10 


A44 


1.991E-14 


A 0 6 


1.810E-10 


A 2 6 


-3.803E-14 


Aog 


-3.602E-14 



Figure 6 is a distribution diagram of the mean residual refractive power error APav of the 
astigmatic lens of the embodiment of the present invention shown in Table 2. The method of 
description is the same as in Figure 3. As is seen from this figure, the value of the mean residual 
refractive power error APav is suppressed to a small value over the entire surface of the lens. 
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Figure 7 is a distribution diagram of the residual mean refractive power error AMP in the 
astigmatic lens of the embodiment of the present invention shown in Table 2. The method of 
description is the same as in Figure 4. As is seen from this figure, the value of the residual mean 
refractive power error AMP is suppressed to a small value over the entire surface of the lens. 

Figure 8 is a distribution diagram of the residual astigmatic aberration AAS in the 
astigmatic lens of the embodiment of the present invention shown in Table 2. The method of 
description is the same as in Figure 5. As is seen from this figure, the value of the residual 
astigmatic aberration AAS is suppressed to a small value over the entire surface of the lens. 

Furthermore, the astigmatic dioptric power axes may inherently adopt various values 
according to the prescription of the user; in the above description, however, in order to simplify 
the description, the principal meridian direction of the spherical surface dioptric power is taken 
in the vertical direction of the lens, and the principal meridian direction of the astigmatic dioptric 
power is taken in the horizontal direction of the lens. Nevertheless, it is clear that the present 
invention is effective regardless of the orientation of these astigmatic dioptric power axes. 

In the embodiments described above, a spherical surface is used as the first surface, and a 
shape obtained by using the aspherical surface equation described above is used as the second 
surface. However, the present invention is not limited to such embodiments; it is clear that the 
present invention is effective for various shapes of the first surface and/or second surface, 
e.g., rotationally symmetrical aspherical surface shapes in general and spline surface shapes. 
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Moreover, with regard to the working apparatus used in the present invention, any 
arbitrary apparatus that is ordinarily used in the working of ophthalmic lenses may be 
appropriately used. Generally, in a shape working apparatus, the working of the refractive 
surfaces is performed while causing relative movement of the ophthalmic lens and working tool. 
Specifically, the shape working apparatus works the shape while controlling the amount of 
relative movement of the ophthalmic lens and working tool on the basis of the design data 
obtained by means of the present invention. Furthermore, an apparatus using a system which has 
a plurality of working tools, and which performs working while changing the working tool in 
accordance with the refractive surface that is being formed, may also be used as the shape 
working apparatus. 



29 



Claims 



1 . A method for designing ophthalmic lenses in which at least one surface among the set of 
refractive surfaces on the object side and eye side in the mounted state has a spherical or 
aspherical surface shape that is formed beforehand, and at least one refractive surface has an 
aspherical surface shape, 

this ophthalmic lens design method being characterized in that design is performed so 
that the shape of the refractive surface whose shape is not formed beforehand among the set of 
refractive surfaces is an aspherical surface shape which is such that the aberration of the 
ophthalmic lens is corrected according to the laws of Donders-Listing in accordance with at least 
the refractive power that is necessary for refractive correction of the user or the refractive power 
that is necessary for astigmatic correction, or both. 

2. The ophthalmic lens design method according to Claim 1, which is characterized in that 
an arbitrary meridian of the refractive power necessary for refractive correction of the user is 
taken as a standard meridian in arbitrary principal rays passing through the plane of the 
ophthalmic lens, and 

the shape of the refractive surface whose shape is not formed beforehand is determined so 
that APall expressed by Equation (1) below shows a minimum value or a specified value or less, 

where E(ot) is the refractive power in the meridian direction that is required for the 
refractive correction of the eye of the user in the meridian direction at an arbitrary angle of a 
from the standard meridian, and D(a) is the refractive power in the meridian direction of the lens. 
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APall= f \AP(a)\da ... (1) 



Here, AP(a) is a function expressed as AP(a) = D(a) - E(a), and a and b are values that satisfy 



an arbitrary meridian of the refractive power necessary for refractive correction of the user is 
taken as a standard meridian in arbitrary principal rays passing through the plane of the 
ophthalmic lens, and 

the shape of the refractive surface whose shape is not formed beforehand is determined so 
that APav expressed by Equation (2) below shows a minimum value or a specified value or less, 

where E(a) is the refractive power in the meridian direction that is required for the 
refractive correction of the eye of the user in the meridian direction at an arbitrary angle of a 
from the standard meridian, and D(a) is the refractive power in the meridian direction of the lens. 



Here, AP(a) is a function expressed as AP(ot) = D(a) - E(a), and a and b are values that satisfy 
the equation b - a = nrc, where n is a natural number. 



the equation b - a = nn, where n is a natural number. 



3. 



The ophthalmic lens design method according to Claim 1, which is characterized in that 
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4. The ophthalmic lens design method according to Claim 1, which is characterized in that 
an arbitrary meridian of the refractive power necessary for refractive correction of the user is 
taken as a standard meridian in arbitrary principal rays passing through the plane of the 
ophthalmic lens, and 

the shape of the refractive surface whose shape is not formed beforehand is determined so 
that at least one of the values AAS or AMP satisfying the following conditional equations shows 
a minimum value or a specified value or less, where APmax is the maximum value and APmin is 
the minimum value of AP'(oc) = D(a) - E(a) in the range of a<OL<b ox b<a< a, with E(a) 
being the refractive power in the meridian direction that is required for the refractive correction 
of the eye of the user in the meridian direction at an arbitrary angle of a from the standard 
meridian, and D(cc) being the refractive power in the meridian direction of the lens. 

Here, AAS = | APmax - APmin| ... (3) 

AMP = (APmax + APmin)/2 ... (4) 

and a and b are values that satisfy the equation b - a = mr, where n is an arbitrary integer 
excluding zero. 

5. An ophthalmic lens manufacturing method which is characterized in that this method has 
a process which is such that in a lens in which at least one surface among the set of refractive 
surfaces on the object side and eye side in the mounted state is a refractive surface having a 
spherical or aspherical surface shape that is formed beforehand, the shape of the refractive 
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surface whose shape is not formed beforehand is designed in accordance with the ophthalmic 
lens design method according to any one of Claims 1 through 4, and the refractive surface whose 
shape is not formed beforehand is worked in accordance with this design data. 

6. A method for manufacturing an ophthalmic lens using as an element material a semi- 
product ophthalmic lens in which at least one surface among the set of refractive surfaces on the 
object side and eye side in the mounted state is a refractive surface having a spherical or 
aspherical surface shape that is formed beforehand, and at least one refractive surface has an 
aspherical surface shape, this ophthalmic lens manufacturing method being characterized in that 
this method has the steps of attaching the semi-product ophthalmic lens to a shape working 
apparatus, and working the refractive surface of the semi-product lens whose shape has not been 
formed beforehand by means of the shape working apparatus on the basis of design data obtained 
by the method according to any of Claims 1 through 4 to produce a finished product. 

7. The ophthalmic lens manufacturing method according to Claim 6, which is characterized 
in that the design data is determined at a different location from the location where the shape 
working apparatus is present, and is transmitted to the location where the shape working 
apparatus is present via a communication device. 

8. A computer program which determines the aspherical surface shape of the refractive 
surface of an ophthalmic lens, this computer program being characterized in that the calculation 
of the refractive power E(cc) in the meridian direction required for refractive correction of the eye 
of the user in the direction of a meridian at an arbitrary angle of a from the standard meridian 
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when an arbitrary meridian of the refractive power require for refractive correction of the user is 
taken as the standard meridian is performed for each arbitrary set of principal rays passing 
through the ophthalmic lens, the calculation of the refractive power D(a) in the meridian 
direction of the lens is performed for each arbitrary set of principal rays passing through the 
ophthalmic lens, and the aspherical surface shape of the refractive surface is determined on the 
basis of E(a) and D(a) so that the aberration of the ophthalmic lens shows a minimum value or a 
specified value or less in accordance with the laws of Donders-Listing. 
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Abstract 

1 indicates the rotating point of the eyeball, 2 indicates the first eye position, 3 indicates 
the second eye position, and 4 indicates the third eye position. The lines indicated by thick lines 
at the respective eye positions are the horizontal meridian and vertical meridian (principal 
meridian) of the cornea. As is seen from the figure, the directions of the horizontal meridian and 
vertical meridian of the cornea at the third eye position 4, in particular, do not coincide with the 
directions of the horizontal meridian and vertical meridian at the first eye position 1. In the 
present means, in order to perform aberration correction of the ophthalmic lens not only in the 
first eye position and second eye position but also in the third eye position under conditions that 
are suited to the prescription of the user and conditions of use, the prescription surface is made 
aspherical while taking into account the astigmatic axis of the eye at arbitrary eye positions in 
accordance with the laws of Donders-Listing. As a result, the prescription surface can be 
designed so that favorable optical characteristics can be obtained in the case of various 
specifications involving individual information such as the prescription of the ophthalmic lens 
user. 
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